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The higher solar energy urges to maximize the solar energy extraction and 
utilization. This paper aim is to propose a new technique for extending the 
daily extraction time via a proposed aggregated PV cell. This system idea is 
using group of the photovoltaic (PV) cells to behave as an interactive 
regulated cell according to the series or parallel connections, it can call it an 


aggregated cell. This can be realized by interactive switching system 
according to the single cell output voltage. Six 6 V PV cells are used for 
configuring the proposed single aggregated 6 V PV cell. The technique 
depends on both single-cell number and their interconnections pattern. 
Switching the panel connection between the fully series cells to full parallel 
ones according to either sunlight states or the single-cell output is 
automatically achieved using an interactive control system. This system 
includes a voltage sensor that implements the suitable switching pattern for 
the aggregated cell. The ripple voltages during both morning and afternoon 
low sun times, as well as due to any other reason such as the lower clouds are 
efficiently eliminated. The simulated and the experimental results show in a 
satisfactory agreement the proposed aggregated PV cell validation. 
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1. INTRODUCTION 

The sun is the main source of limitless and non-harmful energy. Solar heating, photovoltaic, solar 
thermal energy, solar architecture, molten salt power plants, and artificial photosynthesis are examples of ever- 
evolving technology. It is a vital renewable energy source, and its technologies are classified as passive or 
active depending on how they collect, distribute, or transform solar energy [1]—[3]. Active solar energy 
harvesting methods include photovoltaics, concentrated solar power, and solar water heating. Materials with 
high thermal mass or light dispersive characteristics are used in passive solar design, as are rooms that naturally 
circulate air [4], [5]. 

The massive amount of solar energy accessible makes it a very attractive source. The yearly solar 
energy potential was 1.575—49,837 exajoules (EJ), which is many times the 2012 global energy usage of 559.8 
EJ [6]. The sun is a major source of energy, which significantly surpasses any foreseeable energy needs. The 
cost and effectiveness of the technology are key considerations in harnessing these for energy [7], [8]. The sun 
produces energy by converting about 650,000,000 hydrogen atoms into helium every second. The process 
generates heat and electromagnetic radiation. The sun's heat helps keep the thermonuclear process continuing. 
Various electromagnetic waves (visible, infrared, and ultraviolet) are released into space. Most of the sun's 
total radiation never reaches earth. Surviving radiation serves as an indirect source of nearly all energy utilized 
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today [7]. Sunlight influences many natural movements (wind, wave, heat, and light). Converting these motions 
into electricity, the most useful type of energy, is a highly contested subject. Photosynthesis turns sunlight into 
biotic energy [9]. 

Active and passive solar energy can be generated. Most energy sources on earth are solar. Solar energy 
may be collected directly to produce power or heat using panels or mirrors. Photovoltaic cells turn darkness 
into energy. Solar thermal collectors heat water or structures using heat-absorbing panels and circulation tubes. 
Reflected sunlight is focused on a heat-collecting device by means of mirrors (parabolic troughs, huge circular 
dishes, or Fresnel lenses). Condensed solar energy warms water or a heat-transferring fluid like molten salt to 
produce steam, which is then utilized to spin turbines and create electricity. Passive techniques are used to 
manipulate solar energy without converting it to electricity. Using windows, skylights, sunrooms, building site 
and orientation, and thermal construction materials may successfully capture natural solar radiation. A well- 
designed passive solar house lowers heating and cooling demands first through energy efficiency, then uses 
solar energy to match those lowered loads [10], [11]. 


2. LITERATURE REVIEW RELATED RESEARCH 
2.1. Solar radiation and solar energy conversion 

Maximum solar radiation reaches earth's surface at 1.0 kW/m? in the wavelength range 0.3-2.5 m. 
This is infrared shortwave radiation. This flux ranges from 3 to 30 MJ/m? day for inhabited regions depending 
on location, time and weather. A system for converting solar energy into thermal or electrical energy requires 
precise measurements of the local solar radiation and understanding of its characteristics. The sun-earth 
distance is 1.5x10!! m. In the solar core, the Risa thermonuclear fusion reactor. Its temperature is (8—40) 
106 K. The temperature drops to 130,000 K at 0.7 R from the Sun's core. The convection zone is 0.7-1.0 R. 
The surface temperature drops to 5000 K [10]. Conversion processes commonly associated with the sunshine: 
heliochemical, referring to photosynthesis, helioelectrical, used in solar cells (photovoltaic), heliothermal, 
which converts sunshine into thermal energy and is used in CSP facilities [11], [12]. 


2.2. Photovoltaic solar energy conversion 

Solar cells convert sunlight into energy. Photovoltaic can convert both active and passive solar energy. 
The efficiency of solar energy conversion into electricity varies between 7% and 40% depending on the 
semiconductor material used to build the cells [13]—[16]. Solar energy can be commercially utilized in two 
major ways: By using the photovoltaic effect, and by thermal conversion. These include solar water heating, 
passive solar heating and cooling, and solar photovoltaic energy generation. Variety of energy sources is used 
by industry to increase efficiency. Developers and utilities are also using solar photovoltaic (including 
concentrated photovoltaic) and other concentrating solar power technologies to power cities and small towns 
[17]-[19]. Most solar cells are silicon-based. After a while, the electrons are freed from their atoms and may 
travel freely through the substance. The DC energy is then transferred through a power converter to be 
converted to AC electricity, which is supplied to homes and businesses. There are three types of silicon used 
in PV cells: crystalline, polycrystalline, and amorphous [20]. PV and solar thermal systems may be combined. 
A concentrated photovoltaic thermal (CPVT). Several CPVT systems have been developed, researched, and 
experimentally demonstrated. Due to its unique characteristics, PVT systems have a great potential for market 
penetration in the energy industry [21]—[24]. 

The sun radiance hours per day is differ from place to another depending on the location on the planet, 
but all have almost the same profile. Many researches pay high attention to estimate and measure this profile 
for different places to have a clear and accurate information in order to reach optimum design criteria for new 
solar energy stations [25]—[27]. Figure 1 shows the sun irradiance profile, which illustrate that early morning 
hours and at the day end hours the sun irradiance is exist but not sufficient for solar energy conversion, the 
main goal of this work is to extract the useful daily sun irradiance hours as possible. 


2.3. Problem definition 

The average daily solar insolation in units of kWh/m? per day is sometimes referred to as “peak sun 
hours”. The term “peak sun hours” refers to the solar insolation which a particular location would receive if 
the sun were shining at its maximum value for a certain number of hours as shown in Figure 1 [28]. Yearly sun 
radiation profile in different months is shown in Figure 2. This research proposes an interactive aggregated PV 
cell to extend the extraction time based on utilizing multi-PV cells. The rated aggregated PV cell output voltage 
will be obtained at about one-sixth of the single cell rated voltage. This can extend the extraction time to around 
30% of the peak extraction time. Furthermore, days grow shorter, and the intensity of the sun drops 5x from 
summer to winter in northern latitudes [29]. This is another relevant reason for searching the alternatives of the 
traditional PV solar energy extractors. 
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Figure 2. Yearly sun irradiance profile 


3. A PROPOSED INTERACTIVE AGGREGATED PV CELL FOR LONGER TIME OF SOLAR 
ENERGY EXTRACTION 

According to the daily sun profile mentioned in (problem definition), this work proposes a scheme 
that can extend the extraction time for about 30% of the peak extraction time. This is achieved by using limited 
number (3, 6, 9 or 12) single PV cells for configuring a single aggregated PV cell. The number of these single 
cells and their connection depend on rated single cell output voltages. For instance, PV cell of 6 V rated output 
voltage, one can use 6 cells for configuring the interactive aggregated PV cell. Based on sunlight states the six 
cells will be switched from all series connected to all parallel connected for configuring the aggregated cell. 
Nevertheless, the broadly system block diagram is shown in Figure 3, that includes the aggregated cell, voltage 
regulation unit, and the interactive switching unit. 
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Figure 3. The proposed system block diagram 
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3.1. System operational scenarios 

This work presents four different scenarios in addtion to the night (dark) one that disconnects the 
aggregated cell as shown in Figure 4. This case is the open circuited cells with an aggregated cell output voltage 
is zero. However, driving the fifteen switches of operational scenarios is via the microcontroller (GPIO) output 
ports. One of the microcontroller analog input port is assigned to read a single cell output voltage. According 
to voltage level of this single cell output voltage, the desired operational scenario will be implemented. 
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Figure 4. Night/dark connection of the aggregated PV cell circuit diagram 


3.2. First mode: start-up mode 6 Series connected cells single branch (single aggregated cell) 

Whenever the single cell output voltage reaches 1 V the system will automatically turn ON and all six 
cells will be in series connected resulting in 6 V output voltage of the aggregated cell. These connections of 
Figures 5 (a) and 5 (b) are remaining until the single cell output voltage reaches about or close to 2 V. This is 
therefore causing that the aggregated output voltage will be very close to about 12 V as shown in Figure 6. 
This leads the control circuits for renew the switching pattern according to the algorithm of Figure 6. to the 
second switching pattern as shown in Figure 7. 
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Figure 5. Six series connected cells (single aggregated cell) to (a) six series connected cells (single aggregated 
cell) and (b) switching pattern 
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The output voltage of the aggregated cell is obtaining from (1). 
Vace_cerL = VeerLa + VeerL 2t- HVcELL 6 (1) 
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Where Vace cerr is the aggregated cell output voltage and Vcerz is the first single cell output voltage. 
Furthermore, this aggregated output voltage is determined by: 


V = Vace _ceLL = © X (Vern 1) (2) 


lo = eeu (3) 


Where output current equals the single cell current Icey 


Figure 7. Three series connected cells in two parallel branches (single aggregated cell) 


3.3. Second mode: three series connected cells-two parallel branches 

During the second switching state, the control circuits is automatically switching the cells 
interconnection to be three series connected cells in two parallel branches single aggregated cell as shown in 
Figure 7, this state is staying until the single cell output voltage growth to be around 3 V. The aggregated output 
voltage is then reaching around 9 V while the regulation unit will keep the output about 6 V. In this scheme 
the aggregated output voltage can found from (4), while the output power will reach the twice the single cell 
output power. 


Vo = Vace cerl = Veer. + VceerL2 + VeerL3 (4) 
I, =2*x leew (5) 


3.4. Third mode: two series connected cells in three parallel branches (single aggregated cell) 

During the third mode (two series connected cells-three parallel branches) as shown in Figure 8, the 
aggregated cell output voltage can reach about 12 V at the output of the single is just before its rated 6 V. At 
this instant the single cell output is typically equal the aggregated cell output voltage. The aggregated cell 
output voltage can be calculated according to (4), resulting in an output power of triple the output of the single 
cell output power. 


Vo = Vace cerl = VcerLa + VceeLL2 (6) 
I, =3x leew (7) 
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Figure 8. Three parallel branches-two series cells (each) 


3.5. Fourth mode: single cell-six parallel branches (aggregated cell) 

This is, indeed, the default operational mode that is offering an output of 6 V at six times of power as 
shown in Figures 9 (a) and (b). The salient feature of this system is the capability to start earlier as well as 
staying for longer time of energy extraction compared with the traditional connection of the PV cells. 
Moreover, it can significantly overcome most of negative effects of the environmental parameters such as the 
lower clouds and dusty wind. The output voltage of the aggregated cell is typical as the single cell voltage at 
hexa-times of the output power, the output is therefore obtaining from the next (9). 
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lo =6X leu (10) 
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Figure 9. Fully paralleled cells arrangement to (a) fully parallel connected cells and (b) switching pattern 


3.6. Voltage regulation 

As depicted throughout the four operation modes of the proposed aggregated cell, the output voltage 
is varying between the single solar cell rated value (6 V) and the twice rated value (12 V). Voltage regulation 
is therefore essentially required for fixed output voltage during the whole extraction time. This work design 
and implement the circuit shown in Figure 10 that fixes the aggregated cell output voltage at around 6 V along 
the whole solar energy extraction time. 
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Figure 10. Voltage regulator circuit diagram 


3.7. Proteus simulation 
A simple proteus model is developed for simulating the proposed aggregated cell as shown in Figure 11. 


An opto-isolators are used as glue circuits between the digital (microcontroller) and the power (PV connected 
to relay) circuits. 


Figure 11. An aggregated cell using porteous package 
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4. EXPERIMENTAL WORK AND RESULTS 

This work uses six monocrystalline photovoltaic cells that are 6 V rated output voltage for configuring 
the proposed aggregated PV cell. Microcontroller Atmega32 is accompanied with the low-cost glue circuits 
for firing the switching circuit according to the output voltage of the single cell shown in Figure 12 (a). The 15 
switches of the switching module shown Figure 11 are experimentally arranged and configured as shown in 
Figure 12 (b). In the following sections, some operational scenarios will be discussed. 
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Figure 12. laboratory setup system (a) whole system and (b) interactive switches 


4.1. Unregulated output of the aggregated cell 

The unregulated output voltage of the first operational mode the aggregated cell that all are in series 
connected; five switches (S6, S7, Ss, So and Sio are ON) is displayed in Figure 13. This unregulated output 
voltage can cause undesired load disturbances. However, these voltage ripples are inhibited by using high 
current voltage regulator. 


4.2. Regulated output of the aggregated cell 

In the following paragraph, different outputs for the proposed aggregated cell at different operational 
scenarios, for example the regulated output of the second mode; two parallel branches with three series 
connected cells via turning ON the switches (S3, S6, S7, So, Sio and S13) as shown in Figure 14. The aggregated 
cell output voltage (6.2 V) is remaining close to 6 V. 


Figure 13. First mode unregulated output voltage Figure 14. Output voltage of two parallel branches 
of the fully series connected cells three series connected cells 


4.3. Third operational mode 

The third operational mode where, three parallel branches; two series connected cells for each. This 
mode is activated due to 3 V output voltage for any of the single cells. In spite of an expected 12 V output 
voltage of the aggregated cell, the laboratory regulated output voltage of Figure 15 is depicted in Figure 16. 
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Switching module PV Array 


Figure 15. Third mode of the switching module (7 Figure 16. Experimental third mode of the 
switches are ON) switching module (7 switches are ON) 


4.4. Fourth operational mode 

Finally, the last mode that all 6 parallel connected cells where the switches (S1, S2, S3, Sa, Ss, S11, S12, 
S13, Sı4 and S15 are ON) as shown in Figure 17 with output voltage 6.1 V. During this mode each single cell 
operates at rated output 6 V. This means that the output power will be six times higher the traditional utilization 
of PV cell. 


Switching module PV Array 


Figure 17. Output of six parallel connected cells (regulated) 


4.5. System validation 

The previous operational modes validate the suggested system where the rated output voltage of the 
interactive aggregated cell 6 V has been obtained earlier 1.5 hours than the traditional single cell techniques 
during sunrise state. While during the sunset state it stay for about 1.5 hours later than the conventional solution. 
About three hours are added to 6 hours of the traditional solar energy extraction techniques. These results are 
totally depending on several environmental parameters such as the lower clouds, fog, dust, and the ambient 
temperature in addition to the year seasons that have also significant effects. The system reliability can be 
considered the salient feature where it has stable and constant output voltage for wide range of power 
extraction. 


5. CONCLUSION 

Interactive aggregated PV-Cell based on four different operational modes have been proposed, 
developed, and implemented. The switching pattern is realized using microcontroller in addition to an interface 
circuit. These circuits have been offered in addition to the voltage regulation, it provided a suitable protection 
between the digital and the power sides using optocouplers isolators. Simple simulation model for the 
aggregated cell has been presented. The system results confirm that the aggregated output voltage can be 
successfully used whenever the single cell output voltage is around 1 V. This can increase solar energy 
reliability and utilization against the lower clouds and both intervals of the sunrise and sunset lower irradiation. 
This system is significantly recommended for the unpredictable climate locations. 
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